We observe experimentally optical azimuthons, a generic class of ring-shaped localised spiralling beams with azimuthal modulation, carrying phase dislocation in self-focusing nonlinear media. We observe three-and four-lobe azimuthons in 87 Rb vapours and demonstrate their anomalous rotation controlled by the input phase distribution. Self-trapping of light in two transverse dimensions [1, 2] can lead to the formation of spatial optical solitons with complex power flow determined by phase singularities and spatial twist [3] .
Such solitons include the well known examples of vortex solitons [4, 5] and soliton clusters [6] .
The link between vortices and soliton clusters was recently revealed [7] through the existence of a generic family of spiralling solitons or optical azimuthons. The azimuthon can be described as a vortex soliton continuously modulated along the ring with topological charge m and N-fold azimuthal modulation. Importantly, the azimuthon family (m, N) includes the known vortex soliton and the soliton cluster as particular members, with zero and maximum modulation depths, respectively. The presence of azimuthal intensity and phase modulation leads to spatial rotation of the ring, or spiralling, characterized by the angular velocity Ω. Remarkably, each family includes azimuthons with positive and negative Ω [7] [8] [9] [10] , so that spiralling is anomalous when the rotation is against the power circulation, determined by the topological charge m, e.g. Ω > 0 for m < 0.
While the azimuthons represent a generic type of singular localized beams, they have never been observed experimentally in any physical system. Here, we report on the first observation of optical azimuthons employing rubidium vapours as an isotropic self-focusing nonlinear medium. The azimuthons are excited by a phase imprinting technique enabling the control of the input optical orbital angular momentum (OAM) by modifying intensity and phase profiles. We demonstrate that the nonlinear interaction of azimuthon lobes leads to slowing down of their spatial twist and inversion of the direction of rotation. We observe an anomalous spiralling for three-lobe azimuthons, rotating opposite to the overall power flow. This nonlinear wave phenomenon is in sharp contrast to the "mechanical" model of weakly interacting beams [11] , which exhibit accelerated rotation for attracting lobes instead of the slowing down and inversion. Furthermore, when the initial phase lacks an azimuthal modulation, we observe a vortex breakup [12] [13] [14] instead of a robust rotation. This observation indicates that the presence of modulation stabilises the anomalously rotating azimuthons.
A theoretical approach unifying the complete family of optical azimuthons, including vortex solitons and soliton clusters, relies on the azimuthal "discretisation" of a vortex of charge m with imposed N-fold symmetry [7] . This discretisation can be described in terms of the series expansion of a vortex phase, θ (ϕ) = mϕ, near the azimuthal position, ϕ n = 2πn/N, of the n-th intensity peak on the ring with radius R (n = 1, .., N):
here (r, ϕ) are the polar coordinates in the transverse plane.
The zero-order term in Eq. (1) corresponds to a soliton cluster [6] , i.e. a ring of N beams launched in parallel to each other with a staircase-like phase distribution. The first-order term [7] describes the additional azimuthal tilt of all lobes in the ring (initial twist). This tilt modifies the azimuthon OAM and provides generalization to the azimuthon family.
To illustrate the possibility for experimental excitation of optical azimuthons, we consider the lowest order azimuthon mode, with m = 1 and N = 4, radially stable in saturable media [6] . We test numerically the excitation of this mode by imposing four abrupt phase jumps on the input Gaussian beam [15] , resulting also in an azimuthal intensity modulation. In Fig. 1 we present the evolution of the phase-imprinted Gaussian beam in a saturable nonlinear medium, n NL = |E| 2 /(1 + |E| 2 ). The propagation distance given in the images is normalised to z 0 = 1 mm. We distinguish three cases of nonlinear beam propagation. In all cases, after initial reshaping, the beam acquires a vortex of charge m = 1 that is conserved with propagation. If the input power is lower than the power required for formation of an azimuthon-soliton-cluster we observe splitting of the beam into independent solitons [ Fig. 1(a) ]. The same step-like phase profile, however allows for mutual trapping of the four interacting lobes and formation of an azimuthon, if the power is increased [ Fig. 1 
Here α = 0 corresponds to the zero-order soliton cluster, while for α > 0 or α < 0 we have phase of each lobe tilted alongside or opposite the direction of the vortex phase twist. The vortex phase is recovered at α = π/4. We also choose ϕ n = π(2n − 1)/N − π to map this phase to the domain θ ∈ m(−π, π).
To prove experimentally the existence of optical azimuthons, we employ the experimental setup shown in Fig. 2(b) . We use a frequency stabilised cw Ti:Sapphire laser (linewidth of < 10 MHz at 780 nm), detuned by 0.66 GHz to the blue-side of the 87 Rb resonance 5S 1/2 F = 1 → 5P 3/2 F = 0, 1, 2 (∼ 1 GHz spectral width) [16] . The Gaussian laser beam is expanded and directed at a small angle to a reflective spatial light modulator (SLM). The SLM imprints a holographic grating that is truncated at the required beam width and thus allows for precise phase and coarse intensity modulation in the first diffraction order [selected by the iris diaphragm in the imaging telescope in Fig 2(b) ]. The spatially modulated beam is subsequently imaged onto the input window of a 8 cm long Rb cell (at 166 • C) by a telescope with sixteen times demagnification. Strong magnetic field is applied along the cell to avoid the influence of Earth's magnetic field on the Zeeman splitting of energy levels. The input and output intensity distributions of the circularly polarized light are recorded simultaneously onto two CCD cameras.
First we study the four-lobe soliton cluster from the azimuthon family at α = 0, as in Figs. 1(a), 1(b). We vary the beam power and waist at a fixed detuning and Rb cell temperature and for the input intensity profile shown in Fig. 2(c-top) we observe a strongly localized four-peak structure [ Fig. 2(c-bottom) ] at the cell output (corresponding to approximately 2.5 diffraction lengths of propagation). This result agrees well with the initial numerical simulations shown in Fig. 1(b) . Furthermore, we test the generation of the four-lobe azimuthons in a series of measurements modifying the phase profile (2) with different α > 0. We observe rotation of the output intensity profile, however, the four-peak azimuthon structure appears highly unstable and transforms into two independent solitons already for α 10 • . This behaviour is similar to the break-up of a vortex soliton, shown in Fig. 2(d) .
The results for the four-lobe azimuthons above suggest that they can be approximately described as a ring of N fundamental solitons tilted in azimuthal direction. The total field, E = ∑ N n=1 G n , governed by paraxial nonlinear Shrödinger (NLS) equation, 2ik∂ z E + ΔE + n |E| 2 E = 0, is taken at z = 0 as a superposition of Gaussian beams,
where r n = R{cos ϕ n , sin ϕ n }, the initial transverse velocity v n = tan γ{− sin ϕ n , cos ϕ n }, and γ is the tilt angle of each beam with respect to the optical axis z. The vortex phase (1) is recovered in Eq. (3) for tan γ = m/kR. This value for the initial twist results in the formation of an unstable vortex soliton [6] . To show that the ansatz Eq. (3) can serve as a rough approximation for the azimuthon [7-10] we simulate the propagation in saturable media of three beams placed far from each other so that their interaction at the input can be neglected, see Fig. 3 . The initial tilts are arranged such that the beams rotate clockwise and collide. The beam phases are also twisted clockwise, i.e. the vortex charge m = −1 in Eq. (3). The noninteracting beams propagate along straight lines, see dashed arrow in Fig. 3(b) for the beam A. The interaction of the beams, however, strongly alters their paths. This is clearly visible in Fig. 3(c) , where the transverse angle β A is measured from the characteristic tan −1 curve for a straight beam (marked "A, alone"). Importantly, the beam twist is counter-clockwise, against the transverse energy flow.
This observation directly demonstrates the essence of the nontrivial rotation of azimuthons. The angular velocity Ω, calculated during propagation [17] is shown in Fig. 3(d) versus radius of azimuthon, R 2 = |E| 2 r 2 dr. For comparison, we also show with a dashed line the "mechanical" rotation velocity, Ω mech = 2M/PR 2 . Here the beam angular momentum is M = Im E * E ϕ dr and its power is P = |E| 2 dr. The conservation of M, in the mechanical picture, leads to the "skater on ice" effect [11] , when the absolute value of Ω mech increases for smaller radius R. This is not the case for azimuthons: in the region of strong interaction of the beams (small R), the angular velocity Ω decreases and the rotation slows down.
To test these predictions, in our experiments we apply a three-sector phase imprinting to generate a three-lobe azimuthon with strongly localised and bound lobes at input power of 690 μW (Fig. 4) . We then perform a series of measurements varying input phase α from −45 • to 45 • , with a step of 2 • . As we increase α, we observe the rotation of all three peaks at the output [Figs. 4(a)-4(c) ]. This rotation is followed by a sudden transformation into two independent solitons [ Fig. 4(d) ] when phase pattern approaches continuous vortex distribution (α 36 • ). Please note that in Figs. 4(a) , 4(c) the lobes of the azimuthons appear asymmetric as a consequence of imperfect initial excitation. In Fig. 4(e) we plot the transverse coordinates of the three beams [marked A, B, and C in (a)] at the output of the Rb cell together with coordinates of a beam "A, alone" propagating along a straight line. Position of the optical axis is determined at the centre of a circle passing through the three beams. The fluctuation of its location shows the level of error in our measurements. The ring radius R is plotted in (f), together with the averaged width w of each lobe, approximated by a Gaussian. Note that: (i) the three beams are strongly attracted [cf. positions of beams A and "A, alone" in (e)], and (ii) azimuthon lobes are focused stronger than the same beam propagating alone [see curve in (f) marked "w A , alone"]. As a result, the ratio R/w [ Fig. 4(g) ] remains in the limits 1 ≤ R/w ≤ 2, indicating strong overlap and interaction between azimuthon lobes.
The experimentally measured angle of azimuthon rotation β is plotted in Fig. 5(a) versus the input angle α. In a good qualitative agreement with the numerical results [ Fig. 3(c), β A > 0] , the experimentally measured output angle β is always positive in Fig. 5(a) . This means that the azimuthon rotates counter-clockwise, i.e. against its power circulation determined by the vortex phase with m = −1. Thus we observe the anomalous spiralling of mutually trapped lobes through the formation of an azimuthon.
It is important to note that the relation between the experimentally controlled input (angular momentum M) and the measured output (angular position β ) lies in the dynamics of angular velocity Ω. In contrast to numerics, however, Ω is not directly measurable in experiment. In particular, while in Fig. 3 the dynamics is shown during propagation along z and for a given [17] and find remarkable qualitative agreement with the experimental results in Fig. 5(a) .
We distinguish two major regions of interest in Fig. 5 . The first domain of α 20 • is approximately marked "anomalous rotation" in (b) because it corresponds to counter-clockwise twist with positive angle β > 0 in (a) and positive angular velocity Ω > 0 in (c). In the second domain, α 20 • , the rotation is expected to be normal, Ω < 0, in accordance with Fig. 5(c) . In experiment, however, the errors grow noticeably in Fig. 5(a) because we observe an onset of azimuthal instability. Indeed, for α 36 • , approaching the vortex phase at α = 45 • , we observe two beams at the output [ Fig. 5(d) ] instead of the three-lobe azimuthon, a typical output of the breakup of a vortex soliton [12] . Therefore, we mark this domain as "instability" in Fig. 5(b) .
Our observations of the three-lobe azimuthon can be summarized as follows. First, the threefold phase pattern at the input generates an azimuthon with three lobes mutually trapped and strongly interacting [Fig. 4 In conclusion, we have generated experimentally optical azimuthons as a generic class of self-trapped spiralling beams in nonlinear media. Our results suggest that the modulation of the power flow along the azimuthal coordinate leads to the slowing down of azimuthon rotation and provides an effective mechanism for their stabilization in comparison to the unstable vortex solitons. We believe that these results provide further insight into fundamental properties of optical angular momentum and twisted light in nonlinear media.
